Objective: To examine patterns of executive and oculomotor control in a group of both boys and girls with attention-deficit/ hyperactivity disorder (ADHD). Method: Cross-sectional study of 120 children aged 8 to 12 years, including 60 with ADHD (24 girls) and 60 typically developing controls (29 girls). Oculomotor paradigms included visually guided saccades (VGS), antisaccades, memory-guided saccades, and a go/no-go test, with variables of interest emphasizing response preparation, response inhibition, and working memory. Results: As a group, children with ADHD demonstrated significant deficits in oculomotor response preparation (VGS latency and variability) and response inhibition but not working memory.
Attention-deficit/hyperactivity disorder (ADHD) is associated with dysfunction in motor intentional systems mediated by frontostriatal circuitry. 1 The term intention includes four components: initiation, sustaining, inhibi-tion, and shifting 2 and is thought to occur between sensation/perception and action, involving a preparedness to respond. 3 Together, intention and working memory are subsumed under the construct of executive function. Children with ADHD commonly exhibit deficits in executive control of behavior, including difficulties with inhibition, 4 working memory, 5 and response preparation. 6, 7 Executive and motor control systems develop in parallel, 8 suggesting shared neural circuitry including frontostriatal systems and the cerebellum. 9, 10 Models of frontal lobe structure and function describe at least five parallel frontal-subcortical circuits. 11 The most posterior are related to motor and oculomotor function (originating in skeletomotor and oculomotor regions of the cortex); the more anterior are thought to be crucial in control of higher-order behavior (e.g., cognitive ''executive'' and socioemotional control). Children with ADHD often present with motor dysfunction, including inefficient motor speed and coordination, 12, 13 excessive overflow movements, 14, 15 slowed processing speed, 7, 16 and variability of motor response, 17 which has also been linked to anomalous function of the frontal-subcortical circuits. 18, 19 Oculomotor Motor Paradigms in ADHD Oculomotor paradigms provide unique opportunities to examine executive control skills that exist at the interface between movement and cognition 20 and can complement other diagnostic and exploratory studies because they afford a degree of quantification about information processing and timing not found in methods such as magnetic resonance imaging or neuropsychological testing. 21 Studies using oculomotor testing have contributed to the understanding of the neurobiological basis of ADHD and have generally supported motor intentional hypotheses, with ADHD groups demonstrating abnormalities related to response inhibition 22, 23 and (less consistently) response preparation. 24Y26 The ADHD groups (especially those with predominantly or exclusively male samples) have shown inconsistent deficits in the accuracy of memory-guided saccades (MGS), thought to assess spatial working memory. 23, 27 However, in a study of only girls, there was a strong trend (p = .07) for reduced MGS accuracy, 22 highlighting the importance of studying boys and girls with ADHD simultaneously. To date, however, there have been no studies with large enough samples of contemporaneously recruited boys and girls with ADHD to elucidate sex-specific deficits in oculomotor intention and executive control.
Sex Differences in Children With ADHD
Boys are more commonly diagnosed with ADHD than girls and more often treated 28 ; nevertheless, functional impairment in girls with ADHD is well established. 29, 30 The available research has yet to specify a clear behavioral or neurobiological profile unique to girls with ADHD 31 ; however, among typically developing children, there is evidence that the brains of boys and girls develop and mature at different rates, 32 with girls maturing anatomically earlier than boys in most regions, including the frontal lobes and the basal ganglia. 33 Motor development in typically developing children follows a similar trajectory, with girls maturing earlier than boys. 34 The findings in studies assessing sex differences in motor skills among children with ADHD have been mixed. Although parent ratings of motor skill were not different between boys and girls with ADHD, 35 studies involving direct assessment of motor function suggested that boys may retain abnormal subtle motor signs (e.g., motor overflow) longer than girls. 15 Anatomic and functional magnetic resonance imaging studies have identified differences in brain development between children with ADHD and controls, including abnormalities in regions important for motor control, such as the frontal cortex, 36 the premotor and motor regions, 37 and the interconnected subcortical structures. 38, 39 Unfortunately, most of these studies reported findings on samples that were predominantly (or exclusively) male, for which conclusions about female-specific anomalies could not be drawn. The few that do highlight female samples reveal fewer frontal anomalies among girls with ADHD. 40 For example, in a recent study of basal ganglia structure, Qiu et al. 41 found multifocal abnormalities in children with ADHD, including regions in circuits with motor/premotor as well as prefrontal cortex. Although this study included both boys and girls, the findings were seen predominantly in boys. Electrophysiological studies also suggest that the anomalous development within ADHD may be sex specific. For example, girls and boys with ADHD manifest different patterns of cerebral organization, in which boys with ADHD have a less right-lateralized frontal alpha asymmetry (compared with control boys), whereas girls with ADHD have a more right-lateralized asymmetry pattern than control girls. 42 When sex-specific norms are used, behavioral dysfunction reported by parents of girls with ADHD can be more deviant, relative to age-and sex-matched peers, than that reported for boys with ADHD. 43 Taken together, these findings suggest that, when studying neurobehavioral development in children with ADHD, data from girls and boys should be analyzed separately and compared with sex-matched controls/norms, in addition to comparing boys and girls with ADHD with each other, to elucidate the developmental anomalies unique to each sex, especially among the earlier maturing girls. Thus, the purpose of this study was to examine executive and motor intentional control in girls and boys with ADHD using oculomotor paradigms designed to assess response preparation, response inhibition, and working memory.
METHOD

Participants
Approval was granted for this study from the Johns Hopkins Medicine institutional review board. Parents of participants signed written consent, and the participants provided written assent. A total of 120 children, aged 8 to 12 years, were included. Two groups were formed: typically developing controls ( n = 60) and children with ADHD ( n = 60). All children met the following criteria: Full Scale IQ (FSIQ) of 80 or higher on the WISC-IV 44 ( n = 117) or WISC-III 45 ( n = 3); and no history of speech/language disorder, reading disability, visual or hearing impairment, or neurological disorder.
The children with ADHD were recruited from outpatient clinics and from local area pediatricians, local chapters of Children and Adults with ADHD, schools, social/service organizations, and advertisements in the community. The diagnosis of ADHD was determined by a structured parent interview that uses DSM-IV criteria (Diagnostic Interview for Children and Adolescents, Fourth Edition [DICA-IV]) 46 and administration of ADHD-specific and broad behavior rating scales (Conners' Parent Rating Scale [CPRS]-Revised). 47 The children with DSM-IV diagnoses other than oppositional defiant disorder (ODD) and specific phobias were excluded. Those with ADHD were excluded if they were taking longer-acting psychoactive medications other than stimulants. The parents of children with ADHD taking stimulants were asked not to administer the medication on the day of and day before testing.
Classification of ADHD subtype was made based on DICA-IV interview and rating scales. The children were classified as Inattentive subtype if they met criteria for inattentiveness but not hyperactivity/ impulsivity on the DICA-IV, a T score of 65 or greater on the CPRS Scale L ( DSM-IV Inattentive), and a T score of 60 or less on the CPRS Scale M ( DSM-IV Hyperactive-Impulsive). The children were classified as Hyperactive-Impulsive subtype if they met criteria for hyperactivity/impulsivity but not inattention on the DICA-IV and a T score of 65 or greater on the CPRS Scale M and a T score of 60 or less on the CPRS Scale L. All other children who met criteria for ADHD were classified as Combined subtype. Only two children met criteria for Hyperactive-Impulsive subtype; consequently, their data were collapsed into the Combined subtype group.
The controls were recruited through the local school districts and community flyers and were required to have no history of mental health services for behavior or emotional problems, no diagnoses on the DICA-IV, and no clinically significant elevation on the CPRS. Oppositional defiant disorder and specific phobias were not specifically excluded among the controls; however, none met criteria for these diagnoses.
Oculomotor Testing
The general procedures used in the present study for eye movement recording have been described previously. 21, 23 Participants were seated in front of a tangent screen on which an array of lightemitting diodes (LEDs) was located centrally at 0-of visual angle and 10-, 20-, and 30-to the right and left of center. Head movements were restricted with use of a chin rest and bite bar. Four paradigms were used for the current study and were administered in a fixed order (listed below).
Visually Guided Saccade Paradigm. Each trial began with the illumination of a central LED. At a random time (1,400Y2,400 milliseconds), direction (right or left), and amplitude (10-, 20-, or 30-), one of six peripheral LEDs was illuminated, and the central light turned off. One hundred trials were presented, with a minimum of 15 at each target position. All children were given the same instruction: ''When the target light comes on, immediately, with your eyes only, look at the target light. When it goes off, look back to the center.'' This paradigm tests the child's ability to initiate saccades to a suddenly appearing, unpredictable visual stimulus, as measured by latency, and represents a measure of oculomotor motor response preparation. In addition, coefficient of variation was used as a measure of intraindividual variability of ocular motor response and was calculated as follows: (100 Â [SD of latency/mean latency]).
Antisaccade Paradigm. Each trial began with the illumination of a central LED. At a random time (1,400Y2,400 milliseconds), direction (left or right), and amplitude (10-, 20-, or 30-), one of the peripheral LEDs illuminated. The child was instructed to make a saccade to the mirror position opposite to that of the illuminated LED or to ''quickly move your eyes in the opposite direction of the target light when it comes on.'' After 750 milliseconds, that LED was extinguished and an LED located in the mirror position (where the child was supposed to look) was illuminated. The percentage of errors indicates the degree to which the participant was unable to suppress or inhibit reflexive saccades to the inappropriate target and is considered a measure of response inhibition. A minimum of 72 trials was used to determine percent directional errors, with at least 12 trials at each target position.
MGS Paradigm. Each trial began with the illumination of a center fixation LED. After an interval between 1,300 and 1,700 milliseconds, a peripheral target (cue light) also appeared and was illuminated for 100 milliseconds to the right or left of the central fixation LED (10-, 20-, or 30-). After a variable 4,500-to 5,000-ms delay, the central fixation point diminished, and the child was instructed to make a saccade to the remembered location of the target flash. The screen remained blank for 1,000 milliseconds, during which time the child was to look at the remembered location of the peripheral target. The instruction was as follows: ''as long as the center light is on, look only at the center light. Do not look at the flash when it occurs. When the center light goes out, then immediately look to the place where you saw the flash; keep looking there and the light will come on in the place where you saw the flash.'' A minimum of 72 trials was presented. This paradigm tests the subject's ability to make volitional saccade to a remembered target location and thus assesses both response inhibition and visuospatial working memory. Variables of interest included the percent anticipatory saccades (i.e., saccades made before the disappearance of the central fixation pointVassessing response inhibition) and accuracyVassessing working memory, which was calculated as percent amplitude error (100 Â absolute value of (1 Y [amplitude of initial saccade/target amplitude]).
Go/No-Go Task. The go/no-go task was modeled after the paradigm described by Castellanos et al. 22 Images on monitor included 5 white squares, placed at 10-left, 5-left, 0-, 5-right, and 10-right. Targets included a green (go) or red (no-go) square overlaying one of the white squares. The task was to look at the squares cued by the green target and ignore the targets cued by the red target. This paradigm took advantage of a well-ingrained stimulus-response set (i.e., green = go; red = stop) and thus minimized the demands for working memory. Participants were instructed to look at the center white square to start and to keep their eyes on the center fixation target until they saw one of the squares change color. When a green square appeared over one of the other white squares, they were to quickly look at that target and maintain fixation until they saw a green square appear over another target. If a red cue appeared over one of the white squares, they were to ignore it and continue to look at the current square. Each target presentation was 300 milliseconds, and interstimulus intervals varied between 1,200 and 2,200 milliseconds. Target presentation was set at 75% green and 25% red in a random sequence. There were 100 OCULOMOTOR ANOMALIES IN ADHD target presentations. The variable of interest was percent commission errors, considered a measure of response inhibition.
Data Analysis
Eye movements were recorded using bitemporal electrooculography, which involves recording of the electrical potential in the eyes. Two dim overhead red lights (25 W each) illuminated the testing room, with the target lights providing the only other illumination. The position signals were low-pass filtered (90 Hz bandwidth) and digitized at a sample rate of 500 Hz. Data from each individual trial were shown on a video monitor for subsequent offline analysis. Maximum saccadic velocities, amplitudes, and latencies were determined by using an interactive computer analysis program that showed each trial for review by the examiner (A.L.). To verify that the participants were looking at the target, they were required to maintain gaze at the final eye position for 500 milliseconds. Saccade latency was determined from the time the cue appeared to when the saccade began, with saccade onset defined when the eye velocity reached 25-per second. For all paradigms, saccades made before the presentation of the cue to move the eyes were eliminated. Additionally, saccades initiated after the signal to move the eyes, but before 115 milliseconds, were defined as anticipatory and eliminated.
Statistical Analysis
Distributions for the six dependent measures were analyzed, and log transformations were performed for variables that were not normally distributed. Six variables were chosen a priori from among the four oculomotor paradigms to assess the three components of executive control under investigation: response preparation (visually guided saccade [VGS] latency and coefficient of variability), response inhibition (percent antisaccade directional errors; percent memoryguided saccade response suppression errors; percent go/no-go commission errors), and working memory (memory-guided saccade accuracy). First, group and sex differences on the dependent measures were examined using 2 (group) Â 2 (sex) factorial analysis of variance. Significant group-by-sex interactions were followed by separate group-and sex-specific analyses. These analyses were followed by a series of planned contrasts, examining oculomotor control differences between the ADHD subtypes and between each subtype and controls.
RESULTS
Demographic Information
Demographic information for the sample is provided in Table 1 . The sample was drawn from largely middle class socioeconomic status and was 74% white, 16% African American, 7% biracial, 1% Asian, 1% Native American, and 1% Hispanic. For the entire sample, there were no significant differences between ADHD and control groups in age (F 1,118 = 0.002, p = .97), sex ratio (# 2 = 0.36, p = .46), racial distribution (# 2 = 4.00, p = .55), handedness (# 2 = 2.64, p = .27), or socioeconomic status (F 1,107 = 0.01, p = .92). The ADHD group included 37 children with Combined subtype (16 girls) and 23 with Inattentive subtype (8 girls), with no differences in sex ratio between the two subtype groups (# 2 = 0.52, p = .35). Ten (28%) of the 36 boys and 6 (25%) of the 24 girls with ADHD had comorbid ODD (# 2 = 0.06, p = .81), whereas 10 (28%) of the 36 boys and 4 (17%) of the 24 girls had specific phobias (# 2 = 0.99, p = .32).
The controls had marginally higher FSIQ than the ADHD group (F 1,118 = 3.87, p = .06); however, this difference was driven by ADHD-related reduction in processing speed index (F 1,118 = 18.08, p < .001), which depends highly on response preparation and motor speed. The ADHD and the control groups did not differ on IQ indices less dependent on response preparation and motor speed, that is, verbal comprehension (F 1,118 = 0.16, p = .69), perceptual reasoning (F 1,118 = 0.52, p = .47), or working memory (F 1,115 = 2.55, p = .11). As such, it was felt that covarying for FSIQ was not appropriate when measuring group Note: CPRS-R = Conners' Parent Rating Scale-Revised. a ADHD 9 controls, p < .001. differences on oculomotor skills, given the significant overlap with motor speed demands of the processing speed index. The girls with ADHD were rated by their parents as having more severe symptoms (CPRS Scale N: DSM-IV Total) than the boys with ADHD (F 1,58 = 14.17, p < .001), whereas the control girls had higher rating of symptoms than the control boys (F 1,58 = 5.14, p = .03). As such, ADHD symptom severity (CPRS Scale N) was used as a covariate in subsequent analyses between the boys and the girls.
Group and Sex Differences in Oculomotor Control
Means and SDs for the six oculomotor control variables are listed in Table 2 . There were no significant main effects for sex on any of the six variables. In contrast, there were significant main effects for group (ADHD worse than controls) on both response preparation variables: VGS latency (F 1,116 = 5.17, p = .025, eta-square [) 2 ] p = 0.04) and VGS variability (F 1,116 = 5.10, p = .026, ) 2 p = 0.04), and all three response inhibition variables: AS directional errors (F 1,116 = 12.16, p = .001, ) 2 p = 0.09), MGS response suppression errors (F 1,116 = 23.7, p < .0001, ) 2 p = 0.17), go/no-go commission errors (F 1,116 = 7.72, p = .006, ) 2 p = 0.06) but not on the working memory variable: MGS accuracy (F 1,116 = 0.21, p = .65, ( 2 p = 0.002).
There was also a significant group-by-sex interaction for VGS latency (F 1,116 = 3.77, p = .05, ) 2 p = 0.03), which remained after covarying for ADHD symptom severity (F 1,115 = 4.59, p = .03, ( 2 p = 0.04). To explore the interaction, group differences (within sex) and sex differences (within group) were examined (Fig. 1) . The girls with ADHD had significantly longer VGS latencies than the control girls (F 1,51 = 7.94, p = .007, ) 2 p = 0.14); however, the boys with ADHD did not differ from the control boys (F 1,65 = 0.27, p = .60, ) 2 p = 0.004). Furthermore, after covarying for ADHD Note: AS = antisaccades; GNG = go/no-go; MGS = memory-guided saccades; VGS = visually guided saccades. a ADHD 9 controls (total group), p < .05. 1 Group-by-sex interaction for visually guided saccade latency: girls with ADHD 9 control girls ( p = .007); girls with ADHD 9 boys with ADHD ( p = .029). Error bars = 95% confidence interval.
OCULOMOTOR ANOMALIES IN ADHD symptom severity, the girls with ADHD had longer VGS latencies than the boys with ADHD (F 1,57 = 5.02 p = .029, ) 2 p = 0.081), whereas the control girls did not differ from the control boys (F 1,57 = 1.27, p = .27, ) 2 p = 0.02).
ADHD Subtype Differences in Oculomotor Control
Planned comparisons revealed significantly longer VGS latency (p = .009) and variability (p = .02) and a higher proportion of errors on AS (p = .003) and MGS (p < .0001) paradigms among children with Combined subtype (compared with the controls). Additionally, compared with the controls, the children with the Inattentive subtype had significantly increased response inhibition errors on AS (p = .018), MGS (p < .0001), and go/no-go commissions (p = .003) and reduced MGS accuracy (p = .05); however, they did not differ from the controls on VGS latency (p = .22) or variability (p = .12). There were no significant differences between ADHD subtypes on any of the response preparation or response inhibition variables. Conversely, the Inattentive subtype had significantly reduced MGS accuracy compared with the Combined subtype (p = .03).
DISCUSSION
As documented in previous studies using oculomotor paradigms, children with ADHD demonstrated robust deficits in oculomotor response inhibition, including increased errors on three different paradigms (antisaccades, MGS, and go/no-go). Additionally, as a group, the finding of increased variability in VGS latencies is consistent with a growing literature showing increased response variability in ADHD. 48, 49 Increased intraindividual variability has been linked with frontal circuits important for motor response selection and inhibition, particularly those involving the rostral supplementary motor (''pre-SMA'') region. 19, 50 Oculomotor deficits in spatial working memory have been found less consistently in previous studies, perhaps because of differences in delay periods. 51 However, in the present study, the children with ADHD did not differ from the controls on MGS accuracy.
Ignoring diagnosis, the boys and the girls did not differ on any of the oculomotor variables under investigation. Compared with previous oculomotor studies in children, our ADHD group was unique because we oversampled for subtypes less common within each sex (i.e., girls with Combined subtype and boys with Inattentive subtype) to eliminate the disproportionate subtype-by-sex confound that can potentially influence sex-specific patterns of results. Although oculomotor performance among the boys and the girls was highly similar on most parameters, we identified a group-by-sex interaction in which there were more robust deficits among the girls with ADHD in VGS latency, when compared with the control girls and also when compared with the boys with ADHDVa deficit that may impede development of skills dependent on rapid and efficient cognitive control of behavior. 52 This isolated weakness among the girls with ADHD is contrasted with patterns observed in skeletomotor control and speed, in which the boys with ADHD have demonstrated equivalent 35 and more severe deficits than the girls with ADHD, 15 and with previous studies that have shown longer VGS latency in children with ADHD in samples of predominantly boys. 26 Increased VGS latency has been linked with anomalous development of frontostriatal circuits 53, 54 ; however, patients with lesions in the parietal eye fields 55 and the posterior internal capsule 56 also demonstrate increased latency on these tasks. As this isolated finding represents one of the few examples in the behavioral and neuropsychological literature in which the girls with ADHD have greater deficits than the concurrently sampled boys with ADHD, it will require replication before conclusions can be drawn with regard to the unique neurobiology of the girls with ADHD. It is possible that the etiology of this increased latency may involve both frontostriatal circuitry and frontoparietal circuits. For example, the role of the caudate nucleus should be explored in future research, given its contribution to oculomotor control via the substantia nigra and the superior colliculus, 57, 58 and because it has been shown to be larger in female subjects than in male subjects, after relative brain size has been controlled. 59, 60 Across oculomotor tasks, there were few differences in performance between ADHD subtypes, although the Combined (but not Inattentive) subtype showed relative slowing on response preparation variables. Of note, the Inattentive subtype had poorer MGS accuracy than the children with Combined subtype, which may suggest a link between the behavioral reports of inattention and spatial working memory performance in this group. At the same time, however, those with Inattentive subtype had consistent deficits on all response inhibition measures, highlighting the substantial overlap in symptoms in this age range. 61 Although the boys and the girls with ADHD were recruited in an identical manner, parent ratings on the CPRS (which use sex-specific norms) were higher on DSM-IV ADHD Diagnostic Scales for girls than for boys. Despite these differences, deficits in VGS latency among the girls with ADHD (compared with the boys with ADHD) remained after controlling for the severity of ADHD symptoms.
Strengths of the current study include the large sample size and inclusion of contemporaneously sampled groups of girls and boys with ADHD, matched on age, IQ, and subtype. Additionally, the ADHD sample was carefully screened for comorbidities that might confound the interpretation of findings. Nevertheless, although screening for comorbid disorders allowed more direct interpretation of ADHD-specific deficits, results may be less generalizable to clinical samples that typically have multiple comorbidities (beyond ODD and specific phobias). Additionally, the use of a fixed order of presentation of the four paradigms did not allow us to examine the effects of test order on outcome, and we cannot rule out that order effects may have played a role in our findings. Future research should consider sex differences in oculomotor variables not directly examined in the present study (e.g., anticipatory and express saccades for VGS and AS paradigms).
The current study highlights the use of oculomotor paradigms in identifying deficits not routinely found in traditional neuropsychological assessment. In neuropsychology, it is virtually impossible to operationalize ''visual attention'' without documenting ''looking,'' which means, ''where the eyes are fixed.'' Oculomotor paradigms offer a more precise means of assessing components of visual attention that link cognition and neurological development and may be particularly sensitive for detecting these links in school-aged girls. In summary, the finding of longer VGS latency holds promise as a marker for one component of the neurobiological phenotype in the girls with ADHD. Future research is required to replicate this finding and to examine the neural correlates of these behavioral differences.
